A series of superlattices composed of ferromagnetic La 0.7 Ca 0.3 MnO 3 (LCMO) and ferroelectric/paraelectric Ba 1−x Sr x TiO 3 (0≤x≤1) were deposited on SrTiO 3 substrates using the pulsed laser deposition. Films of epitaxial nature comprised of spherical mounds having uniform size are obtained. Magnetotransport properties of the films reveal a ferromagnetic Curie temperature in the range of 145-158 K and negative magnetoresistance as high as 30%, depending on the type of ferroelectric layers employed for their growth (i.e. 'x' value). Ferroelectricity at temperatures ranging from 55 K to 105 K is also observed, depending on the barium content. More importantly, the multiferroic nature of the film is determined by the appearance of negative magnetocapacitance, which was found to be maximum around the ferroelectric transition temperature (3% per tesla). These results are understood based on the role of the ferroelectric/paraelectric layers and strains in inducing the multiferroism. * prellier@ensicaen.fr 1
After a long gap, interest has been renewed in multiferroic materials, where ferromagnetism and ferroelectricity coexist 1 and possess multiferroic coupling, i.e., magnetic domains can be switched by applied electric field and likewise electric domains are switched by applied magnetic field. As a consequence, the latter are potential candidates for various novel devices, e.g., multiple state memory elements and electric field controlled ferromagnetic devices.
There are two open basic issues in this field of research: first, what is the origin of multiferroism and second, how to enhance them for suitable applications? Since very few multiferroic materials exist in nature or are synthesized in laboratory [2] [3] [4] [5] , the scarcity of such materials is a big stumbling block to address the aforementioned issues 6 . It is therefore timing and warranting to design novel multiferroics and characterize them for their essential
properties.
To design a new (artificial) multiferroic, usually three distinct approaches can be adopted, which can be described as follows. The first one deals with the doping of suitable elements e.g., ferromagnetic element(s) in ferroelectric host and vice versa. The second is concerning the designing of composites with the ferroelectric and magnetic hosts. The third consists in designing superlattices composed of either bi-components (e.g., one is ferroelectric and other is ferromagnetic layer, or a nanocomposites 5 ) or of multi-components (i.e., with three or more distinct compound layers) where one will observe the breaking symmetry by which it may be possible to induce ferroelectricity (FE) and/or ferromagnetism (FM). In building the superlattices for multiferroics, the total structure should be an insulator, but FM materials are often conducting. Thus, one has to chose the FM layers in such a way that it should be insulating in nature. To show the multiferroism in materials, various physical characteristics can be utilized, such as magnetocapacitance effect [4] [5] [6] . Furthermore, properties of the superlattices basically depend on the various structural details (e.g., thickness, microstructure, composition, strain, etc.) of the individual components and the interfaces among them.
Moreover, the lattice mismatch between the individual type of layer materials as well as the one with the substrate, play important roles in determining the interfacial structure, which in turn governs their electronic and magnetic properties. Thus, it is necessary to study the (Fig 2b) . For example, the superlattice composed of LCMO/BTO reveals a MR˜−30%, whereas a sharp decrease in the MR is observed by substituting a small amount of Sr in the BTO layer, e.g., the LCMO/Ba 0.6 Sr 0.4 TiO 3 superlattice exhibits MR˜−12%.
To understand the interaction between ferroelectricity and magnetism, capacitance (C) measurements were performed versus temperature, at 1 KHz, under 0 and 5 T. The C(T ) curves of these superlattices in 0 T (Fig 3) ( Fig 3a) and at˜55 K for the LCMO/Ba 0.6 Sr 0.4 TiO 3 (Fig 3b) . Hence, the shift of the transition temperature with Sr content supports strongly the presence of ferroelectricity in these films. This view point is furthermore supported by the fact that the LCMO/SrTiO 3 superlattice (Fig 3c) does not show any peak of the capacitance in C(T) curve, in agreement with the absence of ferroelectricity in SrTiO 3 . The huge deviation of the ferroelectric transition temperature in these superlattices with respect to the bulk materials, can easily be understood by considering nature of ferroelectric layers which are thin 15 and consequently submitted to large strains from the LCMO layers and indirectly also from the substrate 16 .
One must indeed bear in mind that the ferroelectricity in the perovskite structure depends on the nature of the distortion of the TiO 6 octahedra and the rattling of Ti 4+ inside the octahedra. As a consequence, the ferroelectric transition temperature decrease drastically 5 as the size of the A-site cation decreases, e.g., tetragonal-BaTiO 3 is ferroelectric, whereas cubic-SrTiO 3 is paraelectric, and CaTiO 3 which exhibits another kind of distortion 14 , is also paraelectric. Thus, the La 2+ /Ca 2+ cations located at the border of the BSTO perovskite layers, may induce particular distortion in the BSTO layer, which represents˜5% of the A-sites of the ferroelectric layers, and may decrease drastically the ferroelectric transition temperature.
The second important feature deals with the magnetocapacitance (MC), defined as MC
, where C(H) and C(0) are the capacitance measured with and without magnetic field, respectively. Fig 3(a) -(c) show the C(T ) curves for various superlattices measured at different magnetic fields. One indeed observes that these superlattices exhibit a negative MC (Fig 3a-b) . More importantly, the MC value is found to be maximum near the ferroelectric transition temperature, exactly as the intrinsic magnetoresistance was found to be maximum near FM-T C in the colossal-MR manganites. In contrast, above the F E transition temperature the MC disappears, as shown for instance at the FM-T C of these superlattices (˜150 K). These observations demonstrate that the presence of ferroelectricity is absolutely necessary for the appearance of magnetocapacitance.
Importantly, MC is very sensitive to the barium content ( Fig 3d) , i.e., to the nature of the F E layers, realizing the highest value for the LCMO/BTO superlattice (i.e. x = 0), decreasing abruptly for LCMO/Ba 0.8 Sr 0.2 TiO 3 ( x =0.2), and so that no magnetocapacitance can be observed for the LCMO/SrTiO 3 superlattice (x =1), which does not exhibit any ferroelectricity. On the other hand, the magnetic properties of the manganites are governed by their structural distortion 17 . In other words, by varying the Mn
it is possible to tune the ferromagnetism in manganites. The strain in the film plays a major role in determining the Mn 3+ -O-Mn 4+ structure 18 . Hence, this study shows that in a superlattice built up of ferromagnetic and ferroelectric layers, magnetocapacitance can only be obtained in the temperature range where both the ferromagnetism and ferroelectricity coexist. More importantly, for designing a multiferroic lattice, it will be crucial to find an optimum stress/strain in the film in order to induce the required interaction for generating 6 multiferroism. Thus, the presence of multiferroism in the superlattices will be dependent on the details of FE and FM layers employed for designing them.
To summarize, we have successfully grown LCMO/BSTO superlattices on (001)-oriented SrTiO 3 by PLD. The ferroelectric transition temperature is very much dependent on Ba composition. The physical measurements on these superlattices show that the multiferroic properties of the superlattices depend on the type of ferroelectric/paraelectric layers used.
Finally, a dependence of the ferroelectricity on the multiferroism has been clearly demonstrated. Furthermore, this study provides a way to design new multiferroics and understand their behaviors which will lead to the realization of the devices based upon them.
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